The work that is described in this report consists of creating a framework for facilitating the use of TRIZ in analysing and solving mono-and co-disciplinary design issues during design of electromechanical products at a large company in the Netherlands. Guidelines have been developed that serve as a strategy for implementation of this framework against the background of (codisciplinary) design issues. The guidelines are based on interviews with employees from different disciplines and lessons learned from a previous attempt at introducing TRIZ. Both for the development of the framework as well as for the testing thereof intensive case studies were used. As the case studies contain many company proprietary details they cannot be depicted in this article. Consequently the paper will remain focussed on the framework developed.
Introduction
For many complex electromechanical products the demands posed on the performance of such a system are quite exhaustive, because of the nominal performance that is expected, market demands, product to market times, usability, serviceability etc. To come to a design that complies with these demands several engineering disciplines (a.o. mechanical, thermal, electrical, and systems engineering) have to work together in close harmony. What is observed in general practice is that design issues that arise during the conceptual design stage often lead to trade-offs on the required functionality of the individual disciplines. This occurs because these types of design issues often require more than a simple (numeric) optimization of a number of parameters. For example, the search for a solution can become a battle to decide which discipline is most important. As in true multi-disciplinary design no dominant discipline can be defined, these battles are decided on other aspects, such as seniority, personal skills of the designers or the perception of the importance of a discipline etc.
Within this paper the search for a structured, easily implementable and maintainable process/method to come to an original, integrated, "out of the box" solution will be described. Such a solution should be able to satisfy the demands of all the involved engineers / disciplines uncompromisingly. After an investigation of several methods TRIZ has been identified as the most promising starting point for further research, because classical TRIZ offers a multitude of solution creation algorithms. It does however not specifically have any methods that facilitate solving issues that spring from multiple disciplines. If a co-disciplinary issue would be solved by means of classical TRIZ, the co-disciplinarity of the issue solving process would to a large extend depend on the extent in which the people involved are able to look beyond their areas of expertise. Hence, in order to use TRIZ in a co-disciplinary design environment with the goal of interdisciplinary design innovation, it was decided that a framework needed to be created around TRIZ that facilitates direct problem solving in an interdisciplinary way.
For that reason a master thesis project was defined (emerged) with the following subject: "Create a framework for facilitating the use of TRIZ in analyzing and solving mono and co-disciplinary design issues during the design of complex electromechanical products". This paper reports on the results of that thesis project.
Research approach
This chapter will describe three facets of the assignment: a research into what is meant with "co-disciplinary design", a research into an actual co-disciplinary design environment, and finally in paragraph 2.2 an outline is given of the proposed solution route for the development of the framework.
Co-disciplinary design
The thesis work should lead to a framework that facilitates the use of TRIZ in solving co-disciplinary design issues. Within this project Co-disciplinary design is defined as a possible combination of all styles of discipline cooperation in product development. For that it should be investigated what kind of disciplinary cooperation categories are available and what effects they might have on the development of the framework.
Mono-disciplinary design Mono disciplinary design focuses on products that can be successfully developed based on the knowledge of only one discipline. It is however often sheerly impossible to finish a product design without knowledge from multiple disciplines. For that reason mono-disciplinary design and research must be considered a theoretical bottom line in disciplinary integration.
Multi-disciplinary design Multi-disciplinary is defined [1] as disciplinary cooperation with the least amount of discipline integration. In multi-disciplinary design, engineers from two or more different disciplines work on a project but do not synthesize their methods. The design process occurs in parallel.
Trans-disciplinary design Trans-disciplinary [2] is in some respect opposite to multi-disciplinary as it has the largest amount of integration possible in co-disciplinary: the integration is at such a level, that the individual disciplines can be marginally recognized by their methods and terminologies. In literature trans-disciplinary is sometimes stated as a philosophical, utopian concept.
Inter-disciplinary design Inter-disciplinary is positioned between multi-disciplinary and trans-disciplinary. Depending on the balance between multi-and trans-disciplinary, there are quite a few definitions on interdisciplinary. For example [3] states "Interdisciplinary research is any study or group of studies undertaken by scholars from two or more distinct scientific disciplines. The research is based upon a conceptual model that links or integrates theoretical frameworks from those disciplines, uses study design and methodology that is not limited to any one field, and requires the use of perspectives and skills of the involved disciplines throughout multiple phases of the research process".
It can be concluded that for successful development of the framework for co-disciplinary design the framework should be able to deal with a varying number of involved disciplines. Furthermore the level of integration of those disciplines can vary from non-existent (multi-disciplinary) to fully integrated (trans-disciplinary).
The design process characteristics
In most companies that develop high end electrical products, successful product design used to be about the application of the most sophisticated electric and mechanical components; utilization of superior components would lead to an improved final product. But times have changed. Nowadays the specs for nominal performance include items addressing aspects such as a very high reliability and superior serviceability, continuous miniaturization, reduced total system weight, customizability etc.
These ever increasing demands inevitably lead to design issues. As an example: improving the number of processes depending on electrical power leads to an increase of the heat generated by the active components. On the other hand, the demands for lighter weight and miniaturization lead to compression of the active components within the smallest possible volume. This again leads to cooling problems. From a historic point of view, designers of active electrical/electronic components were often regarded as "the dominant discipline". But this is no longer the case, because for successful development of new high end electrical products it is considered that these 3 disciplines (mechanical, electrical and thermal design) require equal priorities.
Framework requirements
Edison once stated that "genius is one percent inspiration and 99 percent perspiration". On the other hand, Altshuller stated about TRIZ: "inventive problem solving using TRIZ should be efficient; it should be able to solve problems that are stagnant, and should be able to utilize newfound methods [4] ". The above statements explain why TRIZ was identified as a possible basis for setting up the framework for co-disciplinary design support. In contradiction to classical trial-and-error based methods TRIZ already incorporates the aspects that facilitate (stimulate) looking across the border of one's own discipline. With that in mind, successful application of TRIZ is likely to lead to conception of inventive integrated solutions requiring fewer design iterations. When looking at the example of paragraph 2.2 one could imagine that the preferred solution route would focus on developing knowledge that would transform the group of product development disciplines involved from multidisciplinary towards trans-disciplinary. Although this approach might work, a disadvantage is that a new body of knowledge has to be developed for each new subgroup of disciplines needed to solve a design issue. This is why TRIZ is chosen as a possible basis for product development in a co-disciplinary design environment. If all disciplines are able to abstract their design issues (Figure 1 ), communication (integration) between disciplines could take place on the abstract level.
One of the requirements set by the company at which the research was executed was that introduction of TRIZ in the product development process should not imply that all product developers should be forced to become a TRIZ expert. So in a nutshell it was requested to develop a framework that supports the use of the TRIZ methods during product development whilst utilizing the smallest number of hours of TRIZ training for product developers.
Interviews with employees that were previously introduced to the use of TRIZ revealed some important insights. The abstraction process was seen by the interviewees as the constraining part of the process. This was aggravated by a perceived lack of TRIZ-experience.
Definition of framework characteristics
Largely based on the observations described above, the following list of project and framework requirements was defined.
1. When applying TRIZ, one should be familiar with its background and philosophy and not just treat it as a quick fix. 2. The creation of abstract issues should be well supported, since it can be hard for engineers to make the transition from their particular problem to a more abstract problem that TRIZ can use as input. 3. TRIZ should be carefully marketed as a design tool and not simply be forced onto the engineers that are expected to work with it. 4. Because the opinion on a framework that uses TRIZ is not positive beforehand, the development and implementation of a framework should be very well organized and well executed to give it the benefit of the doubt. 5. Multiple case studies in different disciplines should be performed to provide proof for the correct functioning of the framework. 6. In a conflicting situation, the framework should provide the conflicting discipline's engineers with mutual insight into the technical significance of the conflict from the discipline's standpoint. 7. The framework should promote problem solving as an integrated effort, not as an iterative effort. As such it should result in fewer iteration cycles.
Basic framework definition
Based on this list of characteristics the subsequent basic layout of the framework was proposed. To use this framework, experts from individual disciplines will be asked to abstract the issue from their disciplinary standpoint. For the abstraction process itself, several well known TRIZ tools can be used. To facilitate the abstraction process each discipline within a co-disciplinary design problem will need the support of a TRIZ expert. At the abstract level the individual criteria are evaluated and the involved TRIZ expert tries to come to an understanding of the total issue. Based on that understanding the abstraction process is entered again in order to define an overall issue and come to a general solution.
The basic framework depicted above addresses characteristics 2, 6 and 7 as listed above. But, for a successful introduction, four more characteristics have been defined. To investigate how these demands can be incorporated into the framework and introduction process several case studies have been executed. Based on these case studies a final layout of the framework has been proposed.
Cases
Three TRIZ case studies have been performed to investigate the (co-disciplinary) applicability of TRIZ. As such, performing these case studies will satisfy guideline 5. To prove that TRIZ can be used for just about any issue, a "social science" (i.e. non-technical) case study has been added to this list.
1. Mechanical engineering 2. Electrotechnical engineering 3. Social science These case studies should be successful in two areas: providing innovative design concepts that have potential of being implemented, be it after some research. These two areas are chosen to make sure that the use of TRIZ is not just a "nicety", but actually provides useable design concepts.
The actual instance of the framework used for the cases is displayed in more detail below. The engineering experts from the company, assisted by the master student, have taken on the engineering roles. Although backed up by an experienced TRIZ user, the role of the expert is also taken on by the master student. 
Cases 1 & 2
Cases 1 and 2 have been omitted from this paper. The topics of both these cases were linked to current strategic development programmes within the host company. For this reason all details of these cases have been classified as company proprietary information and therefore cannot be discussed here.
Case 3: Optimizing remote teamwork
(This case was described in more detail in [5] ). For this case study geographical separation of members of the same team is considered. Many companies struggle with this as employees are increasingly demanding about their residential location, which is not necessarily in the vicinity of a company's offices. Therefore, employees like to have the option to work from their homes, and some companies react to this by setting up auxiliary branches that are geographically dispersed. For this case it was decided to use a Function analysis based approach. A literature study on teamwork has been performed and critical elements for teamwork success have been identified. These elements have been mapped in an FA-style analysis, which identified critical "teamwork element" interactions in the case of geographically separating a team. This is shown in Figure 4 , in which "Subgroup cohesion" (index 2) is defined as the "togetherness" of a local team (in for instance an auxiliary branch of a company), and "System cohesion" (index 1) is defined as the "togetherness" of the company as a whole. The solution to one of the issues, in which "Informal communication" has an "insufficient" relation with "System cohesion" has been tackled.
Because the teams are separated, there is less informal communication than in the non-geographically separated scenario. In, for example, a cubical style office colleagues can freely walk around and start talks with every person. Of course, in a geographically separated situation this is not possible. There are telephone systems and video conferences available for communication, but these systems hardly simulate actual office life. Telephone calls and conferences need to be set up and communication must be well-timed to be possible at all. They do not allow people to see each other in their true office setting. However, if one would consider (hypothetically) that this would be possible, and that this would be exaggerated as is proposed by the inventive standard that is used here. This would imply a "remote office" with continuous "real" communication in both audio and visual means between (for example) cubicles. Imagine a cubicle with "window blinds" in the wall that allows people to continuously see each other through the wall. What if these window blinds would be replaced by a flat screen that continuously shows the colleagues office? This would create an excessive amount of potential communication. Even better would be to show one colleague sitting behind his desk, from a viewpoint as if there is actually an office behind the "window blinds". The force that is to keep this excessive communication under control should be represented by a project manager who determines whose office space one will see behind the "virtual blinds". This makes sure that there will be little abuse of the system and only the colleague will be shown that one needs to form a team with. The concept of the "virtual office" can be extended to other office areas, such as the coffee corner: why not have a "remote coffee machine" at which employees can chat with geographically separated colleagues? This would increase the potential informal communication a lot, which otherwise would not be possible without travelling. 
The TRIZ based framework for co-disciplinary design
Based on the interviews and the cases executed an improved initial version of the framework has been defined. This initial version has been set up to incorporate all requirements from chapter 3 and lessons learned from the cases. The inventive framework, of which an outline has already been shown in Figure 3 , has several feedback and feed-forward loops to provide practical "ways out" of the framework if the process does not proceed according to plan. This is illustrated in Figure 6 (displayed at the end of the paper). The fact that these loops have been added here does not imply that all possible practical ways out of the framework have been covered, which would be sheerly impossible and would not contribute to the overall clarity of the framework arrangement. Rather, these loops show what kind of routes can be taken if the standard framework sequence cannot be followed. Figures 7, 8 and 9 go into more detail on the proposed schemes for the sections "Issue Analysis", "Solution Process using TRIZ" and "Solution Analysis".
The framework was defined so that engineers possibly need training in the use of the framework, not necessarily in the use of TRIZ. This is one of the major cornerstones of the framework. To test the final framework a software program was written that would guide the users through the use of the framework. The software needs to be improved so that the abstraction steps can easily be done by the engineers, without knowledge of TRIZ. After this abstraction, engineers brief the TRIZ expert in what the issue is about by means of the abstract terms and possibly some context information.
With the help of engineers two framework application cases were tackled; a mechanical case and one of a more co-disciplinary origin. Again the results of these cases cannot be depicted in this paper.
Based on the evaluation of the decisions made by the engineers some remarks could be made on the framework. The mono-disciplinary mechanical case came to a satisfying result. The co-disciplinary case, however, did not. The results of the issue analyses performed by both engineers in the co-disciplinary case were satisfactory. That is, they both provided the relevant components that influenced the issue from their discipline standpoint. But a problem arose with combining both the results into a unified problem statement that could be used for a joint issue analysis. The level of detail used in both analyses differed greatly, and as such the issue components were of a different level and could hardly be compared. A flaw of the framework had been discovered: in analyzing a co-disciplinary issue, there is no prescribed method of making sure that issue analyses performed by multiple disciplines are actually performed on the same level of detail. If this is not leveled and the analyses start at different levels, the outcome of the issue analyses is bound to not be on the same level either.
Furthermore, one of the hypotheses in setting up the framework was that the engineers involved should not have any obligatory training in TRIZ. According to the framework's set up, this is not required. However, as observed during the framework case studies, the framework's sequence of events is not immediately clear to every engineer.
Therefore for the framework's sequence to be successful in practice, engineers still need some basic training in using the framework. If the framework software can be expanded and finalized, it could be made more user-friendly and self-explanatory so that the training can be reduced to a minimum. However, the fact remains that some form of training will always be required.
Summary
This paper describes the results of a master thesis assignment. Within this assignment a framework for the efficient implementation of TRIZ in a co-disciplinary design environment was targeted. A framework was proposed in which a TRIZ expert works together with one or more technical disciplines to overcome co-disciplinary design issues.
The final case studies showed flaws in the setup and also showed that more research is needed to overcome these issues. The most prominent issue is that engineers from different disciplines not only address different subjects, they also may be used to work on another level of detail. This implies that after issue abstraction there may still be major difficulties in arriving at a joined understanding of the combined abstract issue. 
